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We have developed a method for stabilization of the uniform lying helix ͑ULH͒ texture of short pitch cholesterics in an electro-optical device, based on the flexoelectro-optic effect in such a texture. By using a small concentration of photoreactive liquid crystal monomer ͑less than 5 wt. %͒ and selecting the illumination conditions, we were able to create a nonuniform polymeric network in the liquid crystal bulk ͑localized essentially at both substrate surfaces͒ which stabilized efficiently the amplitude and the phase modulation modes of the device. Most importantly, the effect of the residual birefringence of the polymeric network in the field-unwound state of the device was eliminated resulting thus in a substantial improvement of device performance. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1897057͔
In a confining geometry, such as conventional sandwich cells, the cholesteric liquid crystals can adopt, in general, a Grandjean or fingerprint texture, with the helical axis oriented perpendicular or parallel, respectively, to the confining substrates.
1 In the fingerprint texture the helical axis has a random in-plane distribution that can be transformed into a uniform lying helix ͑ULH͒ texture, with the helix axis lying along a unique direction, parallel to the substrates.
2
A short-pitch cholesteric layer with ULH texture behaves optically as a uniaxial birefringent crystal plate with its optic axis along the helix axis. With an applied electrical field across the cholesteric layer, an in-plane deviation of the effective optic axis may occur, an effect described by Patel and Meyer. 3 The effect was considered to be of flexoelectric origin. Furthermore, a relation between the sign of the fieldinduced deviation of the optic axis, the helix handedness and sign of the average flexoelectric coefficient was found by Komitov et al. 4 At moderate electric fields and small dielectric anisotropy, i.e., in the case where the dielectric coupling between the liquid crystal molecules and the applied field can be neglected, the field-induced in-plane deviation of the sample optic axis is linear with the field, i.e., the flexoelectro-optic effect has grey scale capability. Short pitch cholesteric materials, exhibiting large field-induced in-plane tilt of the optic axis of 22.5°and even more, are reported by Coles et al. 5 At higher electric fields, when the dielectric coupling becomes strong, the helix could be partially or completely unwound depending on the magnitude of the applied voltage. If the cholesteric liquid crystal possesses a positive dielectric anisotropy ͑⌬ Ͼ 0͒, the unwound state will be homeotropic and thus totally black when the cell is placed between crossed polarizers. The helix unwinding is a quadratic effect in contrast to the flexoelectro-optic effect which is a polar and linear effect. It should be noted that the helix unwinding by the applied electric field usually destroys irreversibly the ULH texture thus resulting in deterioration of the flexoelectro-optic mode of the device. In order to be practical, an electro-optic device based on the flexoelectrooptic effect must withstand a large temperature and field variation and still work functionally. This means, that such a device requires a stable ULH texture which after unwinding by the applied electric field, for instance, will be able to recover completely after switching off the field. The same should be valid for exposing the sample to high temperatures.
There was an attempt to stabilize the ULH texture of a short pitch cholesteric by a polymer network created in the volume of the cholesteric. 6 However, the dense polymer network created by the method described in Ref. 6 produced a substantial residual birefringence that decreased the depth of the phase modulation and affected negatively device performance. Here we present an efficient method for stabilization of the ULH texture of a short pitch cholesteric electro-optical device. This method reduces to zero the residual birefringence of the polymeric network, which in turn improves substantially the performance of the device.
The cholesteric material studied in this work was a mixture of the commercial nematic liquid crystal ͑LC͒ MLC 6080 ͑Merck͒, chiral dopants CE1, CB15, R-1011 ͑Merck͒, reactive nematic monomer RM257 ͑1,4-bis͓3-͑acryloyloxy͒ propyloxy͔-2-methyl benzene, Merck͒, and photoinitiator Irgacure 651 ͑2,2-dimethoxy-2-phenly acetophenone, Ciba Additives͒. These materials were homogeneously mixed by melting in the weight ratio; 70͑MLC 6080͒ / 5.0͑RM257͒ / 25͑CE1 : CB15: R-1011=3:3:1͒ / 0.25͑Irgacure 651͒.
The pitch of the cholesteric mixture was found to be about 0.6 m. The short pitch cholesteric liquid crystal material has ⌬ = 7.2 and it exhibits a pronounced flexoelectric response. An EHC ͑Japan͒ cell with ITO electrodes and a gap of 2 m was used in our experiments. The alignment layer in this cell provided a uniform planar alignment. The cell was cooled down slowly under an applied ac electric field of 100 Hz and the cholesteric adopted the ULH texture. After obtaining such a texture, the sample was illuminated in order to create a polymer network that stabilizes the ULH texture. In order to avoid the effect of the residual birefringence, the illumination of the sample was performed in such a way that a nonuniform network was created in the bulk of the cholesteric instead of the uniform one described in Ref. 6 . The nonuniform polymer network in our device was much denser in the regions close to the substrates' surfaces than in the bulk, where the network was of very low density. The nonuniform structure of the network was achieved by selecting the illumination conditions. These conditions were chosen in such a way that the depth of the surface subregions, where the network is denser, was smaller than the light wavelength, i.e., less than 0.3 m, hence the residual birefringence exhibited by the polymeric network in these subregions was practically zero when the helix was unwound. Due to the fact that the polymeric network in the liquid crystal bulk was of very low density, this part of the polymeric network did not give any residual birefringence either. Such an inhomogeneous distribution of the polymer network in the cholesteric bulk was achieved in the following way. The cell was filled with cholesteric mixture containing photoreactive molecules ͓see Fig. 1͑a͔͒ and was illuminated from both sides with UV light of = 322 nm at 0.08 mW/ cm 2 for 5 min at room temperature. The selected UV light provided formation of a polymeric network at the surface of both substrates ͑surface subregions͒ in what we call a double surface stabilization ͓Fig. 1͑b͔͒. The high absorption of = 322 nm by the liquid crystal mixture prevents photopolymerization of the photoreactive monomer far from the surfaces, thus leaving a substantial part of the volume free of the polymeric network. However, after illumination with = 322 nm, a small portion of non-polymerized photoreactive monomer is left dissolved in the liquid crystal bulk. As a next step, the cell was illuminated with UV light of = 365 nm at 0.04 mW/ cm 2 for 20 min. The illumination with the selected wavelength of = 365 nm provided substantial uniform illumination throughout the 2 m cell gap which would be efficient enough to result in photopolymerization of the portion of photoreactive monomer that was left after photopolymerisation with UV illumination with wavelength = 322 nm ͓Fig. 1͑c͔͒. The periodically-ordered structure of the polymer network which formed at the substrate surface was studied by scanning electron microscopy ͑SEM͒. The SEM image was obtained by evacuating the liquid crystal using a 70/ 30 v / v mixture of hexane and dichloromethane. As seen in Fig. 2 the fibrilous polymer network formed on the substrate surface has a regular periodicity of about 0.3 m corresponding to the periodicity of the helical molecular order of the cholesteric.
In Fig. 3 are depicted photos of a cell aligned in ULH texture at different voltages. The ULH texture is located within the electrode area. Outside the electrode, the choles- teric liquid crystal is oriented in the Grandjean texture. The cell is viewed between crossed polarizers and the cell optic axis, which coincides with the helical axis, is oriented at 22.5°with respect to the analyzer ͓Fig. 3͑a͔͒. The birefringence of the ULH texture is given by
, where n ʈ o.a. = n Ќ and n Ќ o.a. Ϸ 1 2 ͑n ʈ + n Ќ ͒ are the refractive indices parallel and perpendicular respectively, to the helix axis n ʈ and n Ќ are indices relative to the liquid crystal optical indicatrix. When 10 V is applied to the cell, it induces an in-plane deviation of the cell optic axis of about 12°, due to the flexoelectric effect, which enlarges the angle between the cell optic axis and the polarizer without affecting significantly ⌬n of the ULH texture ͓Fig. 3͑b͔͒. At a higher voltage, 25 V, the helix axis is completely unwound and the liquid crystal molecules are aligned in homeotropic state. In this state ⌬n =0,
. Therefore, the sample appeared totally black since no residual polymer birefringence could deteriorate the zero in-plane birefringence of the homeotropic state ͓Fig. 3͑c͔͒. Hence, with unwinding of the ULH texture ⌬n changes from ⌬n Ϸ 1/2͑n Ќ − n ʈ ͒ to ⌬n = 0 which for the cell fulfilling the 1 / 2-wave plate condition results in a continuous with the applied electric field phase shift between ordinary and extraordinary wave from 180°to 0, thus causing full modulation of the transmitted light intensity ͑phase modulation͒. The cholesteric liquid crystal returned to its initial ULH texture after removal of the electric field. Hence, the short pitch cholesteric electro-optical device, with an ULH texture stabilized by a nonuniform and surfacelocalized polymeric network, was found to operate efficiently in the two modes, 6 amplitude and phase modulation mode, due to flexoelectric ͑in-plane switching͒ and dielectric ͑out of plane switching͒ coupling, respectively, without exhibiting any residual birefringence in the unwound state. Figure 4 shows the electro-optic response of a cell driven by a voltage with a triangular-wave form. The transmitted light intensity through the cell reads
where ⌿ o is the angle between the sample axis and the polarizer at zero field, d is the sample thickness, ⌬n is the effective sample birefringence, and is the wavelength of the incident light in vacuum. While the field-induced inplane deviation of the sample optic axis ͑E͒ is linear with the field, ⌬n ͑E͒ is a quadratic function of the field. At an applied electric field of 2 V / m, as seen in Fig. 4 graph 1, the electro-optic response has essentially a linear character, which means that the flexoelectric effect has a major contribution to the response. On increasing the magnitude of the electric field, the linear character of the response at 5 V / m starts changing due to the helix unwinding. The response exhibits a mixed character, linear and quadratic, since amplitude and phase modulation of the transmitted light likely took place ͓Fig. 4 graph 2͔ Increasing further the applied electric field, the response of the cell became purely quadratic with the field ͓Fig. 4 graph 3͔ when the complete unwinding of the helix was reached. Now, at higher voltages the device operates in phase modulation mode, i.e. modulation of the transmitted light intensity is due to the unwinding of ULH texture. Switching the cell by voltage with a square-wave form, in both amplitude ͑flexoelectric͒ and phase ͑dielectric͒ modes, the response times of the corresponding mode were measured. They correspond to the times necessary to achieve 10%-90% change in the transmitted light intensity. The response times were taken at room temperature and at applied electric fields 3.5 V / m and 12.5 V / m for flexoelectric and dielectric mode, respectively. The response times ͑ r and d ͒ in the amplitude mode was the same for both field polarity and they were about 100 s response times for the phase mode was much longer r = 1.9 ms and d = 1.5 ms.
In conclusion, we have developed a method for stabilization of the ULH texture in a device that operates in amplitude ͑flexoelectric͒ and phase ͑dielectric͒ modulation modes. The device exhibits no residual birefringence in the helix unwound homeotropic ͑black͒ state and is hence capable of displaying high contrast images. With proper selection of a cholesteric liquid crystal material, photoreactive monomer, photoinitiator and with proper choice of illumination conditions, the performance of the short pitch cholesteric electrooptic device could be improved further. Two-modes short pitch cholesteric electro-optical devices stabilized by nonuniform polymer network have a wide range of application possibilities in areas such as, amplitude modulators, light switches, phase-only spatial light modulators, beam deflectors, and flat panel displays. The performance of these electro-optical devices is superior compared with those that are available at present.
